Flavoenzymes are ubiquitous in nature and function as versatile biocatalysts. They play an essential role in various biological processes such as biosynthesis, energy production, light emission, biodegradation, chromatin remodelling, DNA repair, apoptosis, protein folding, detoxification, and neural development[@b1].

Flavoenzymes usually contain flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD) as redox active prosthetic group ([Fig. 1](#f1){ref-type="fig"}). These cofactors are synthesised from riboflavin (vitamin B2) through the action of riboflavin kinase (E.C. 2.7.1.26) and FMN adenylyltransferase (E.C. 2.7.7.2), respectively. Eukaryotes and some archaea depend on two seperate enzymes for FMN and FAD synthesis[@b2][@b3], but in most prokaryotes these two enzymes are fused into a bifunctional protein, FAD synthetase[@b4][@b5][@b6]. FAD is utilised three times more often than FMN as enzyme prosthetic group, while riboflavin is not used for this purpose[@b7][@b8].

FMN- and FAD-dependent enzymes have a preference for certain protein folds. While FMN enzymes show a preference for a TIM-barrel or flavodoxin-like fold, FAD enzymes often use a Rossmann fold for binding the ADP dinucleotide moiety of the cofactor[@b7]. Some flavoenzymes, like NADPH cytochrome P450 oxidoreductase and nitric oxide synthase, use both flavin cofactors for the transport of electrons through separate domains[@b9][@b10].

The majority (90%) of flavoproteins bind their cofactor non-covalently[@b7]. Flavin dissociation provides the opportunity of studying the properties of the apoenzyme[@b11][@b12], and allows for reconstituting the holoprotein with isotopically enriched[@b13] or artificial[@b14] flavins. Furthermore, apoflavoenzymes can be selectively immobilised by anchoring to a flavin-containing carrier[@b15]. Different methods have been explored to dissociate flavoproteins into apoprotein and flavin prosthetic group[@b16]. Traditional methods include precipitation procedures and dialysis[@b17]. However, these approaches may give low yields, since many apoflavoproteins cannot withstand the harsh and/or time-consuming conditions employed. More recent methods for apoprotein preparation focus on reversible immobilisation strategies, which allow deflavination and reconstitution of preparative amounts of flavoprotein[@b18][@b19]. Particularly for flavoproteins with a more complex quaternary structure, production of fully reconstitutable apoprotein remains challenging.

In some flavoproteins the flavin is covalently bound to the polypeptide chain[@b20][@b21]. By replacing the target residue(s) of covalent flavinylation through site-directed mutagenesis, the apoprotein can be obtained[@b22][@b23]. For vanillyl-alcohol oxidase it could be established that the FAD becomes covalently linked to the protein in an autocatalytic process, and that the initial non-covalent binding of FAD to the apo dimer stimulates enzyme octamerisation[@b24][@b25].

An alternative approach for the preparation of apoenzyme is the use of riboflavin-deficient expression systems. The *E. coli* strain BSV11 is riboflavin auxotrophic[@b26]. It carries a mutation in the ribB gene, which encodes for 3,4-dihydroxy-2-butanone-4-phosphate synthase, an essential enzyme in the riboflavin biosynthesis pathway[@b27]. Using riboflavin auxotrophic strains, both flavoenzymes that bind their flavin covalently or non-covalently can be produced in their apo-form. Examples include sarcosine oxidase[@b28] and vanillyl-alcohol oxidase[@b29].

Proline dehydrogenase (ProDH, EC 1.5.5.2) is a ubiquitous flavoenzyme involved in proline catabolism[@b30][@b31]. It oxidises L-proline to Δ^1^-pyrroline-5-carboxylate (P5C), which is non-enzymatically hydrolysed to glutamic semialdehyde (GSA). P5C dehydrogenase (P5CDH, EC 1.2.1.88) oxidises GSA to L-glutamate. ProDH and P5CDH exist as monofunctional enzymes in some bacteria and in eukaryotes; however, in other bacteria they are fused into a bifunctional enzyme called proline utilization A (PutA)[@b32][@b33].

In humans, malfunctioning of the proline metabolic enzymes can lead to several medical issues[@b34][@b35]. The gene encoding for human ProDH (also known as proline oxidase) is a hot-spot for mutations[@b36]. Missense mutations in ProDH have been identified in patients suffering from hyperprolinemia and the neuropsychiatric disorder schizophrenia[@b37][@b38][@b39][@b40]. Furthermore, ProDH is one of the genes markedly induced by tumour suppressor p53[@b41][@b42] and plays a role in tumorigenesis and tumour development[@b43].

ProDH adopts a distorted (βα)~8~ TIM-barrel fold[@b32][@b33][@b44]. Next to methylenetetrahydrofolate reductase (MTHFR)[@b45], ProDH is the only known TIM-barrel enzyme that contains an FAD cofactor. Due to this property, ProDH and MTHFR have been structurally classified as separate clans of FAD oxidoreductases[@b7].

Previously, we described the properties of *Thermus thermophilus* ProDH (TtProDH), produced through fusion with maltose-binding protein (MBP)[@b46]. Because MBP-TtProDH appeared to be prone to aggregation, we constructed a variant with a more polar N-terminus (F10E/L12E). This MBP-TtProDH variant, here further referred to as EE, forms homogeneous tetramers[@b47]. Each TtProDH subunit binds a FAD cofactor[@b32]. However, molecular details of FAD incorporation are currently unknown.

In this communication, we describe the properties of the EE apoprotein. Using a riboflavin auxotrophic expression strain, properly folded apoenzyme was obtained. Intriguingly, we discovered that EE accepts both FAD and FMN as prosthetic group. Based on this finding, the flavin composition and mode of cofactor binding of TtProDH was further investigated.

Results
=======

Preparation of apo-EE
---------------------

Initial attempts of producing reconstitutable apoprotein from purified holo-EE were not successful. When using precipitation, dialysis or affinity chromatography-based deflavinylation protocols[@b16], irreversible aggregation of the apoenzyme occurred. Therefore, we focused our attention on producing apo-EE in a cellular environment. Using the riboflavin auxotrophic *E. coli* strain BSV11 as expression host, the apoenzyme was properly produced with purification yields of approximately 10 mg/L culture. The preparation contained mainly apo-EE and a minor amount of holo-EE, as judged from the low flavin absorbance in the visible region and the low activity compared with native enzyme (*vide infra*).

Reconstitution of apo-EE
------------------------

Apo-EE shows a low flavin absorption in the visible region, yielding an A~280~/A~450~ ratio of 58.9 ([Fig. 2](#f2){ref-type="fig"}). The apoenzyme can be successfully reconstituted with FAD or FMN, yielding absorption spectra similar to that of holo-EE ([Fig. 2](#f2){ref-type="fig"}). The A~280~/A~450~ ratios for apoenzyme reconstituted with FAD (11.4) and FMN (12.0) are similar to that of holo-EE, pre-incubated with excess FAD (11.8) or FMN (12.1). Holo-EE, as purified here in the absence of excess FAD, shows an A~280~/A~450~ ratio of 13.3. This indicates that holo-EE contains a small amount of apoprotein.

Far-UV CD spectra of holo-EE, apo-EE and reconstituted apo-EE are all very similar, indicating no large changes in secondary structure ([Fig. 3A](#f3){ref-type="fig"}). Thermal unfolding monitored by CD spectroscopy shows two separate transitions for each sample ([Fig. 3B](#f3){ref-type="fig"}). This indicates non-cooperative unfolding for the MBP and TtProDH domains[@b46]. The first transition reflects unfolding of MBP, with a midpoint of unfolding around 55 °C. The thermostable TtProDH domain has a midpoint of unfolding around 90 °C. When comparing the thermal stability of apo-EE to that of reconstituted apo-EE or holo-EE, no large differences are observed.

Results from native mass spectrometry have shown that holo-EE forms tetramers with a mass of 319.6 ± 33 kDa[@b47]. Apo-EE is also a tetramer, with a native mass of 310.7 ± 31 kDa. Therefore, the oligomerisation state of the enzyme is not affected in the absence of the flavin cofactor.

Catalytic properties of reconstituted apo-EE
--------------------------------------------

Comparison of the specific activities of apo-EE and holo-EE shows that the obtained apoprotein preparation has about 17% residual activity ([Table 1](#t1){ref-type="table"}). Apo-EE reconstituted with FAD or FMN shows equal specific activities as holo-EE, indicating that the apoenzyme can be fully reconstituted with either of the flavin cofactors. The kinetic parameters of apo-EE, reconstituted with FAD or FMN, are very similar to those described for holo-EE ([Table 1](#t1){ref-type="table"} and [Fig. 4](#f4){ref-type="fig"}), indicating no preference for either of the prosthetic groups in catalysis.

Cofactor binding of apo-EE
--------------------------

The equilibrium constants for dissociation of FAD and FMN from EE were determined using fluorescence spectroscopy. Upon binding to the apoprotein, fluorescence of the flavin is severely quenched within seconds. From titrating aliquots of apoenzyme to an FAD or FMN containing solution ([Fig. 5](#f5){ref-type="fig"}), tight binding is observed and equal dissociation constants for the apo-FAD (*K*~D~ = 18.0 ± 0.5 nM) and apo-FMN (*K*~D~ = 19.5 ± 0.8 nM) complexes are estimated. Of note is that riboflavin shows a very weak binding to the apoenzyme (data not shown). From [Fig. 5](#f5){ref-type="fig"} it is evident that the fluorescence quantum yield of the apo-FAD complex is lower than the fluorescence quantum yield of the apo-FMN complex. The increase in flavin fluorescence at the end of the FAD titration ([Fig. 5A](#f5){ref-type="fig"}) can be attributed to the residual amount of flavin present in the apoprotein preparation.

FAD in solution is about 9 times less fluorescent than FMN ([Fig. 6A](#f6){ref-type="fig"}). This is due to stacking of the adenine part onto the isoalloxazine ring of FAD, which quenches its fluorescence[@b48][@b49]. In TtProDH, FAD binds in an extended conformation, as deduced from the crystal structure[@b32]. Nevertheless, binding to the apoprotein severely quenches the fluorescence of FAD ([Figs 5A](#f5){ref-type="fig"} and [6B](#f6){ref-type="fig"}). This is also true for FMN, but the fluorescence quantum yield of the apoenzyme reconstituted with FMN is significantly higher than the fluorescence quantum yield of the apoenzyme reconstituted with FAD ([Figs 5B](#f5){ref-type="fig"} and [6B](#f6){ref-type="fig"}).

The emission spectrum of holo-EE, isolated from *E. coli*, shows much higher fluorescence intensity than that of the reconstituted apo-FAD complex ([Fig. 6B](#f6){ref-type="fig"}). This suggests that next to FAD, holo-EE might also contain FMN. By denaturing holo-EE with 0.5% SDS ([Fig. 6A](#f6){ref-type="fig"}), the flavin cofactor composition could be measured more accurately. From fluorescence calibration curves of FMN and FAD, it was estimated that 75 ± 3% of the released flavin is FMN. To confirm that the enzyme incubated with 0.5% SDS had released all its cofactor, part of the sample was passed through a 10 kDa cut off spin filter to remove the enzyme before measuring fluorescence emission spectra and part of the sample was measured directly. The obtained spectra were identical, indicating all enzyme had released its cofactor and only the fluorescence of flavin free in solution was recorded. As mentioned, no extra flavin was added during purification of holo-EE, therefore, the FAD/FMN ratio was not altered by experimental procedures.

The cofactor composition of holo-EE purified from *E. coli* TOP10 cells was also determined using mass spectrometry. The flavin cofactor was extracted from the enzyme using 60% ethanol. FAD was detected in positive mode for the transition of 786.15 to 136.10 m/z and from 786.15 to 348.10 m/z at 8.85 min ([Fig. S1](#S1){ref-type="supplementary-material"}). FMN was detected in negative mode for the transition of 455.00 to 97.00 m/z and from 455.00 to 78.90 m/z at 8.73 min ([Fig. S1](#S1){ref-type="supplementary-material"}). From the measured transitions for the purified flavin cofactor the concentrations for FMN and FAD can be calculated, which indicates that about 74% of the flavin cofactor in holo-EE is FMN and only 26% is FAD, matching perfectly with the fluorescence emission properties. This FAD/FMN ratio in holoenzyme might depend on the cellular conditions, and therefore this ratio might differ per protein batch.

Crystal structure of TtProDH ΔABC
---------------------------------

Crystallisation of EE was hampered by inconvenient removal of the MBP tag[@b47]. We created a TtProDH variant (ΔABC), which lacks the N-terminal helices αA, αB and αC. ΔABC is poorly active but binds the flavin cofactor in stoichiometric amounts. From this variant, the MBP-tag could be successfully removed ([Fig. 7A](#f7){ref-type="fig"}) and the purified ProDH fragment was used for crystallisation. Crystals of TtProDH ΔABC reached their maximum size in 21 days ([Fig. 7B](#f7){ref-type="fig"}). Collection statistics and refinement data of the crystals obtained are summarised in [Table 2](#t2){ref-type="table"}. The coordinates and structure factors have been deposited in the Protein Data Bank (PDB) with accession code 5M42.

The three-dimensional model for TtProDH ΔABC comprises residues 38--279 ([Fig. 8A](#f8){ref-type="fig"}). Superposition of this structure onto that of TtProDH (2G37) showed an rmsd value of 0.338 Å (for 221 Cα atoms of A chains) demonstrating a similar overall structure and no gross conformational changes. Using ESI-MS, we detected that the C-terminal helix α8 of MBP-TtProDH ΔABC is unstable and becomes proteolytically cleaved in *E. coli* after Thr287. While MBP-TtProDH has a predicted denatured mass of 74401 Da, the truncated form has a measured mass of 71899 Da. This points to removal of a part of the C-terminal tail with sequence (288-RRIAERPENLLLVLRSLVSGLE-309). This truncated form has a predicted subunit mass of 71885 Da. Deletion of the last 22 residues might increase the flexibility of the remaining C-terminal end of the protein and explain why residues 280--287 are not visible in the crystal structure. For the FAD cofactor, no electron density was observed for the adenosine 5′-monophosphate (AMP) moiety ([Fig. 9](#f9){ref-type="fig"}). This suggests that either the AMP part of the FAD shows multiple orientations and therefore is highly mobile, or that (part of) the bound cofactor is FMN instead of FAD. The mode of binding of the FMN-part of the flavin cofactor is strictly conserved compared to that of TtProDH ([Fig. 8B](#f8){ref-type="fig"}).

To confirm that ΔABC binds both FMN and FAD, the flavin content of TtProDH ΔABC was determined using fluorescence and mass spectroscopy, as described above for holo-EE. This revealed that TtProDH ΔABC contains 78 ± 5% FMN and 22 ± 5% FAD, similar as for holo-EE.

Discussion
==========

In this manuscript, we describe for the first time the production of fully reconstitutable apoprotein of proline dehydrogenase. Using the riboflavin auxotrophic *E. coli* strain BSV11, we obtained an apoprotein preparation that contained 17% residual activity. Spectral analysis confirmed the presence of some holoenzyme, analogous to observations made with sarcosine oxidase and vanillyl-alcohol oxidase[@b28][@b29]. More striking, the obtained apoenzyme can be fully reconstituted with either FMN or FAD, leading to quite identical catalytic properties.

ProDH and MTHFR are the only FAD-binding enzymes with a (βα)~8~ TIM-barrel fold[@b7]. The presence of a non-covalent FAD cofactor in ProDH was first described by Scarpulla and Soffer in 1978[@b50]. They showed that the activity of ProDH, which was solubilised from *E. coli* membranes, is stimulated by FAD but not FMN. After that, it was shown that the flavin cofactor of PutA from *Salmonella typhimurium*, assumed to be FAD, could be reduced by proline[@b51][@b52]. Since these observations, ProDH has been denoted as an FAD-containing enzyme. We show here that TtProDH does not limit itself to FAD as cofactor; it also binds FMN with equal affinity and has similar kinetic parameters with both cofactors. Moreover, heterologously overproduced MBP-TtProDH contains more FMN than FAD. The fact that apo-EE and holo-EE have similar spectral and hydrodynamic properties suggests that apo-EE is fully folded and awaits flavin binding. This is similar as in e.g. flavodoxin[@b53], *para*-hydroxybenzoate hydroxylase[@b12] and VAO[@b24]. However, in VAO, initial non-covalent binding of FAD to the apo dimer stimulates enzyme octamerisation and autocatalytic flavinylation[@b25].

Up to now, all known crystal structures of PutAs and ProDHs contain an FAD cofactor[@b32][@b44][@b54][@b55][@b56]. In the crystal structure of TtProDH (PDB entry 2G37), the high B-factor around the adenosine part of the cofactor is due to the fact that the adenosine is not in contact with any atoms or water molecules in the structure ([Fig. 8B](#f8){ref-type="fig"}). This supports an increased flexibility or absence of the adenosine moiety in a fraction of the enzyme.

The PutAs and ProDHs that have been analysed so far have a similar location for the isoalloxazine ring system and diphosphoribose moiety of the FAD cofactor, but the orientation of the adenosine group differs between the two enzyme groups. This diverse orientation might be caused by the structural differences between PutAs and ProDHs. First, PutAs contain an additional helix, α5a, which is replaced by a loop in monofunctional ProDHs. Helix α5a contains a tryptophan that stacks against the adenine group of the FAD in PutAs. The loop in ProDHs does not have an equivalent of this tryptophan for interaction with the FAD. Second, PutAs have extra helical stretches that follow after helix α8. These additional C-terminal helices in PutAs would clash with the conformation of the adenine ring of the FAD cofactor as it is found in monofunctional ProDHs[@b32][@b57].

Often, the ADP moiety strongly contributes to the interaction between FAD and the apoprotein[@b24][@b58][@b59][@b60]. However, in TtProDH, the adenosine moiety of FAD does not show any interaction with the enzyme[@b32] ([Fig. 8B](#f8){ref-type="fig"}). The flavin cofactor inserts its ribityl pyrophosphate moiety next to strands 5 and 6. There are several interactions between TtProDH and the pyrophosphate of FAD. Thr226 and His227, present in the β6-α6 loop, interact with the FMN phosphate. Lys187, stabilised by Asp228, contacts the AMP phosphate. These residues are all present in conserved sequence motifs of the PutA/ProDH family, with His227 and Lys187 being strictly conserved throughout the family[@b32].

Flavoenzymes that adopt TIM-barrel folds and bind FMN, such as glycolate oxidase[@b61], flavocytochrome *b*~2~[@b62], old yellow enzyme[@b63], trimethylamine dehydrogenase[@b64], and dihydroorotate dehydrogenase[@b65], insert the ribityl phosphate moiety next to strands 7 and 8. With these enzymes, the phosphate group interacts with amides in the initial turn of the short helix α8'. In MTHFR[@b45], the only other known TIM-barrel enzyme that binds FAD, the ribityl chain extends between barrel strands 4 and 5, and the FMN phosphate binds to the β4-α4 loop. In addition, the adenosine moiety of the FAD cofactor in MTHFR does show several contacts with the enzyme. These data suggest that TtProDH has a different binding mode for the FAD/FMN cofactor compared to other FMN-binding TIM-barrel enzymes, and to the FAD-binding MTHFR.

The TtProDH variant ΔABC reveals that helices αA, αB, αC and α8 are not essential for binding of the flavin cofactor in TtProDH. Based on these observations and the present results, we conclude that there is no structural reason why TtProDH should not bind FMN. Thus, we suggest that PutAs might be specific for FAD, whereas monofunctional ProDHs do not necessarily discriminate between FAD and FMN as cofactor.

When purified from *E. coli*, the majority of the EE variant of MBP-TtProDH contains FMN as prosthetic group. This might be explained by the availability of FMN and FAD in the cell. The ability of TtProDH to bind both FAD and FMN makes the enzyme less dependent on the availability of both cofactors in the cell. Next to TtProDH, NADH oxidase from *Thermus thermophilus* has been shown to function with both FAD and FMN[@b66]. However, with the NADH oxidase the dissociation constants for both cofactors differ by a few orders of magnitude. This suggests that this enzyme tolerates FAD as cofactor, while FMN is its natural cofactor[@b67]. To the best of our knowledge, TtProDH is the first example of a flavoenzyme that does not discriminate between FAD and FMN as cofactor. Therefore, classification of TtProDH as an FAD-binding enzyme should be revised.

Materials and Methods
=====================

Enzyme production and purification
----------------------------------

*E. coli* TOP10 cells containing a pBAD plasmid (pBAD-EE), in which the changes F10E/L12E were introduced in the gene encoding MBP-TtProDH[@b47], were used for heterologous expression of holo MBP-TtProDH EE. The holo EE was purified as described previously[@b47], except that no extra FAD was added during purification. Riboflavin auxotrophic *E. coli* BSV11 strain was used as expression host for production of apo-EE. This strain is defective in riboflavin synthesis and was obtained by Tn5 transposon mutagenesis[@b13]. For enzyme production, a 10 mL pre-culture inoculated with cells harbouring the pBAD-EE plasmid was grown o/n at 37 °C in Luria-Bertani (LB) medium containing 100 μg/mL ampicillin and 50 μM riboflavin. The pre-culture was used to inoculate two 2 L Erlenmeyer flasks, each containing 500 mL LB medium, 100 μg mL^−1^ ampicillin and 50 μM riboflavin. The cells were grown at 37 °C until OD~600~ = 0.8. Cells were spun down (7000 g for 10 min) and washed three times with riboflavin-free LB. After the third washing step, the cells were divided over two 2 L erlenmeyer flasks, both containing 500 mL riboflavin-free LB medium and 100 μg/mL ampicillin. After one hour shaking (200 rpm) at 20 °C, protein expression was induced by adding 0.02% (w/v) L-arabinose, and growth and expression continued for 14 h. Cells (6 g, wet weight) were harvested by centrifugation (7000 g for 10 min at 4 °C) and resuspended in 50 mM sodium phosphate, pH 7.4. After addition of 1 mg DNaseI, 1 mM MgCl~2~ and a Complete Protease Inhibitor Cocktail Tablet (Roche Diagnostics), cells were lysed by passing them three times through a pre-cooled French Press pressure cell (SLM Amicon Instruments) at 10000 psi. Cell lysate was centrifuged at 26000 g for 1 h at 4 °C. Apo-EE was purified using an amylose column (New England Biolabs, 20 mL in XK 16/10), and a Source 15Q column (GE Healthcare, 20 mL in XK 16/10), according to a protocol that has been described before for the holoenzyme[@b46][@b47]. In addition, after the ion exchange column, the enzyme was concentrated using a 10 kDa cut off Amicon filter and loaded on a preparative Superdex200 XK26/1000 column (GE Healthcare), equilibrated in 50 mM sodium phosphate, 150 mM NaCl, pH 7.4. The eluted protein was concentrated and simultaneously the buffer was changed to 50 mM sodium phosphate, pH 7.4 by using a 30 kDa cutoff Vivaspin 6 spinfilter (GE Healthcare). Protein concentrations were determined using the bicinchoninic acid (BCA) assay (Thermo Scientific) and the purified apoenzyme with a concentration of 7.5 mg/mL was flash-frozen in liquid nitrogen and stored at −80 °C. The native mass of apo-EE was determined using nanoflow electrospray ionisation mass spectrometry (ESI-MS), as described before[@b46][@b47].

A helical arm-truncated variant lacking N-terminal helices αA, αB and αC was constructed. The plasmid pBAD-MBP-TtProDH[@b47] was PCR-amplified using the primers 5′AAT TA[G AAT TC]{.ul}A TGG CGA AAA TTG AAA CCC TGG AAG AAG CAC TG 3′ (forward) and 5′ GCC C[AA GCT T]{.ul}TT ATT CTA GAC CGC TAA CCA GGC 3′ (reverse). Using *Eco*RI and *Hind*III restriction sites (underlined in the primers), the amplified fragment was introduced into a pBAD-MBP vector, which resulted in an N-terminal fusion of the TtProDH ΔABC variant to MBP. The resulting construct was verified by automated sequencing of both strands (Macrogen). *E. coli* TOP10 cells were transformed with the plasmid for recombinant expression. MBP-TtProDH ΔABC was produced and purified as described previously[@b47]. The denatured mass of MBP-TtProDH ΔABC was determined using nanoflow electrospray ionisation mass spectrometry (ESI-MS)[@b46]. Removal of the MBP-tag and purification of native ΔABC was achieved by slight modification of the trypsin-treatment reported before[@b46]. In this case, 25 mg purified MBP-TtProDH ΔABC in 50 mM sodium phosphate, pH 7.4 was incubated with 36 μg trypsin at 37 °C for 1 h. After that, phenylmethylsulfonyl fluoride (PMSF, Merck) was added to a final concentration of 2 mM to inactivate trypsin and the protocol to purify ΔABC was proceeded as described[@b46]. Trypsinolysis of MBP-TtProDH ΔABC and purification of ΔABC was visualised with sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE), using 12% polyacrylamide slab gels. Proteins were stained using Coomassie Brilliant Blue R-250. As a molecular weight marker, Precision Plus Protein Standard (Biorad) was used.

Spectral analysis
-----------------

Holo-EE (10 μM) and apo-EE (10 μM) were incubated with 50 μM FAD or FMN, in 50 mM sodium phosphate, pH 7.4 at room temperature for 1 hour. Excess FAD/FMN was removed using a 10 kDa cut off spin filter and flavin absorption spectra of holo-EE, apo-EE and reconstituted enzymes were recorded at 25 °C on a Hewlett-Packard 8453 diode array spectrophotometer, essentially as described before[@b46].

Far-UV circular dichroism (CD) spectra of holo-EE, apo-EE and apo-EE reconstituted with FAD or FMN were acquired on a Jasco J-715 spectropolarimeter equipped with a Peltier thermostat (Jasco). Samples contained 1 μM enzyme in 50 sodium phosphate, pH 7.4 and spectra were recorded as described previously[@b46]. Temperature-induced unfolding was monitored by increasing the temperature from 20--95 °C at a rate of 0.5 °C min^−1^. Data points were collected every 0.5 °C increase. Midpoints of transition were determined by fitting the data to a model described by a double sigmoidal function.

Enzyme activity
---------------

Enzyme activity of apo-EE, apo-EE reconstituted with FAD or FMN, and holo-EE was determined at 25 °C on a Hewlett Packard 8453 diode array spectrophotometer using the proline:dichlorophenolindophenol (DCPIP) oxidoreductase assay[@b46]. For the standard assay, catalytic amounts of enzyme were added to a 600 μL reaction mixture containing 65 μM DCPIP and 100 mM L-proline in 50 mM sodium phosphate, pH 7.4. Steady-state kinetic parameters were determined at 25 °C, essentially as described previously[@b47].

Fluorescence spectroscopy
-------------------------

Dissociation constants of apo-EE-flavin complexes were determined by using the quenching of flavin fluorescence upon binding of the flavin cofactor to the apoenzyme. 200 nM solutions of FAD, FMN or riboflavin in 50 mM sodium phosphate, pH 7.4, were prepared based on the molar absorption coefficients of 11300 M^−1^ cm^−1^ at 450 nm for free FAD, 12200 M^−1^ cm^−1^ at 445 nm for free FMN and 12500 M^−1^ cm^−1^ at 445 nm for free riboflavin. 1.3 mL of the 200 nM FAD, FMN or riboflavin solutions were titrated with 5 μL aliquots of 5 μM apoenzyme in the same buffer. In total, 250 μL of the enzyme solution was added. After addition of each aliquot of enzyme, fluorescence emission was recorded during 30 sec. Excitation was at 445 nm (bandwidth 5 nm) and emission at 525 nm (bandwidth 10 nm) and the photomultiplier potential was set at 975 V. As control, buffer (50 mM sodium phosphate pH 7.4) was titrated with apoenzyme under the same conditions.

The dissociation constants (*K*~D~) of the apo-EE-FAD/FMN complexes were determined using Igor Pro 6.10, by fitting the fluorescence emission data (*F*~*total*~) to the model described by [eq. 1](#eq1){ref-type="disp-formula"}:

where

and \[*flavin*\]~*total*~ and \[*apo*\]~*total*~ are the concentrations of flavin and apoenzyme at each point in the titrations. *f*~*flavin*~, *f*~*complex*~ and *f*~*apo*~ are the fluorescence conversion factors for each species, respectively.

Fluorescence emission spectra of 0.9 μM FAD, 0.9 μM FMN, 0.9 μM apo-EE reconstituted with FAD, and 0.9 μM apo-EE reconstituted with FMN were recorded. All solutions were prepared in 50 mM sodium phosphate, pH 7.4. Excitation was at 445 nm (bandwidth 5 nm) and emission at 470--650 nm (bandwidth 10 nm). The photomultiplier potential was set at 820 V and 10 scans were recorded and averaged.

In addition, fluorescence emission spectra of 0.9 μM holo-EE[@b47], holo-ΔABC, denatured EE and denatured ΔABC were recorded. The enzymes were denatured by incubating 0.9 μM enzyme in 50 mM sodium phosphate, pH 7.4, containing 0.5% sodium dodecyl sulfate (SDS)[@b46]. After incubation at room temperature for several minutes, fluorescence emission spectra of the holo- and denatured enzymes were recorded as described above. Flavin composition of the denatured sample could be calculated using [eqs (2](#eq3){ref-type="disp-formula"}) and ([3](#eq4){ref-type="disp-formula"}):

where *F*~fin~ is the final fluorescence emission after incubation of 0.9 μM holo enzyme with 0.5% SDS, and *F*~FMN~ and *F*~FAD~ are the fluorescence emissions of 0.9 μM FMN and 0.9 uM FAD, respectively. *f*~FMN~ and *f*~FAD~ are the fractions of FMN and FAD present in the sample.

Mass spectrometry
-----------------

To determine the FAD/FMN ratio in purified holoenzyme, the flavin cofactor was released from the enzyme by extraction with ethanol. 10 μM holo-EE and holo-ΔABC solutions were incubated with 60% ethanol for about 30 min. Subsequently, the solutions were centrifuged to remove aggregates. The solutions were passed through a 10 kDa cut-off Vivaspin 6 spinfilter (GE Healthcare) and the flow-throughs were collected. The solutions were freeze-dried and the obtained solids were dissolved in 120 μL pure water. Two microliter of these solutions were loaded onto a UPLC column (Discovery HS F5-3 2.1 mm I.D. × 150 mm, 3 μm particles, Sigma Aldrich). Separation was performed at 40 °C with a gradient from 100% H~2~O (with 0.1% formic acid) to 35% acetonitrile (with 0.1% formic acid) in 15 min at a flow rate of 250 μL/min. Use of the pentafluorophenylpropyl column enabled separation of FAD and FMN with only acetonitrile and water as solvents. This avoids contamination of the system as observed when tributylamine is used as counter ion[@b68]. Furthermore, the FAD and FMN peaks were without tailing in contrast to what has been observed with C18 chromatography[@b69].

FMN and FAD were identified and quantified using a Shimadzu UPLC-triple quad mass spectrometer (LCMS-8040). The triple quad mass spectrometer was operating with 3 L/min nebulising gas flow and 15 L/min drying gas flow. The Dl temperature was set to 250 °C and the heat block temperature to 400 °C. Electrospray ionisation was used. The machine was calibrated with a reference set of FAD and FMN. The transition for FMN used for quantification was to the phosphate ion (97.0 m/z in negative mode), which was shown to be reproducible and quantitative. The fragmentation of FAD was to AMP (348.1 m/z in positive mode).

Crystal growth, data collection and structure refinement for TtProDH ΔABC
-------------------------------------------------------------------------

TtProDH ΔABC crystals were obtained by the hanging-drop vapour-diffusion method at 292 K. Drops contained 0.5 μL of 2.2 mg mL^−1^ protein solution buffered with 50 mM Hepes, 500 mM sodium chloride, pH 8.0, and 0.5 μL of reservoir solution containing 20% (v/v) 2-propanol, 0.2 M calcium chloride dihydrate and 0.1 M sodium acetate, pH 4.6, and were equilibrated against 60 μL of reservoir solution. A mixture of 70% of reservoir solution and 30% of glycerol was used as cryoprotectant solution. A data set from one ΔABC monocrystal was collected in the beamline I02 of Diamond Light Source (Oxfordshire, UK) at a wavelength of 0.97949 Å and a temperature of 100 K. The data were processed and scaled using the XDS package[@b70] and CCP4 software[@b71]. The crystal structure was solved by molecular replacement using the MOLREP program[@b72] and the WT structure (PDB 2G37) as search model. Refinements were performed automatically by REFMAC 5 from CCP4[@b73] and manually by COOT[@b74]. PROCHECK[@b75] was used to assess and validate the final structure. TtProDH ΔABC diffracted up to 2.2 Å and belongs to the P6~2~ cubic space group. *V*~m~ value is 2.84 Å^3^/Da, with one protein molecule in the asymmetric unit and 56.68% of solvent content. Amino acid residues 280--296 and the AMP moiety of FAD, lacking observed electron density, are not included in the model. The Ramachandran plot shows that 97.08%, 2.5% and 0.42% of the amino acid residues are in most favoured, allowed and disallowed regions, respectively.

Additional Information
======================

**Accession codes:** The atomic coordinates and structure factors of TtProDH ΔABC have been deposited with the Protein Data Bank ([www.rcsb.org](http://www.rcsb.org)) with the accession code 5M42.
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![Chemical structure of riboflavin, FMN and FAD, with the redox-active isoalloxazine ring presented in the oxidised state.](srep43880-f1){#f1}

![Absorption spectra of holo-EE, apo-EE and apo-EE reconstituted with FAD or FMN.](srep43880-f2){#f2}

![Secondary structure and thermal stability of holo-, apo-, and reconstituted EE.\
(**A**) Far-UV CD spectra. (**B**) Thermal unfolding monitored by CD at 224 nm.](srep43880-f3){#f3}

![Steady-state kinetics of holo-EE and apo-EE reconstituted with FAD and FMN, as determined with the proline: DCPIP assay.](srep43880-f4){#f4}

![Titration of an FAD or FMN solution with apo-EE to determine the dissociation constants of the apoenzyme-FAD/FMN complex.\
Flavin fluorescence emission was monitored at 525 nm, excitation was at 445 nm. (**A**) 200 nM FAD titrated with 5 μM of apo EE and (**B**) 200 nM FMN titrated with 5 μM apo EE.](srep43880-f5){#f5}

![Fluorescence emission spectra of of holo- and apo-EE.\
Excitation was at 445 nm. (**A**) Spectra of 0.9 μM FAD, 0.9 μM FMN, 0.9 μM holo-EE and 0.9 μM holo-EE denatured in 0.5% SDS. (**B**) Spectra of 0.9 μM apo-EE and 0.9 μM apo-EE reconstituted with FAD or FMN. For comparison, the spectrum of holo-EE is depicted.](srep43880-f6){#f6}

![Preparation of ΔABC for crystallisation.\
(**A**) Removal of the MBP-tag and purification of native ΔABC, visualised on SDS-PAGE. From left to right: (1) purified MBP-TtProDH ΔABC; (2) MBP-TtProDH ΔABC after limited trypsinolysis; (3) purified native ΔABC. Molecular masses of marker proteins (M) from top to bottom: 150, 100, 75, 50, 37, 25, 20 kDa. (**B**) Growth of TtProDH ΔABC crystals.](srep43880-f7){#f7}

![Cartoon representation of the three-dimensional models of the crystal structures of (**A**) TtProDH ΔABC and (**B**) TtProDH (PDB entry 2G37). In the top panels, the flavin cofactors are coloured by B-factor. N-terminal helices αA, αB, and αC and the C-terminal α8 are coloured in yellow and magenta, respectively, in TtProDH and are missing in TtProDH ΔABC. The bottom panels show the H-bond network contributing to stabilisation of the cofactor. Involved residues are labelled and represented as CPK sticks and flavin cofactors show their Cα in pale yellow. Water molecules are depicted as red spheres.](srep43880-f8){#f8}

![Fo-Fc omit map (contoured at 2.2 σ, in blue) for the bound flavin cofactor of TtProDH ΔABC.\
FMN is shown in CPK sticks with carbons in yellow.](srep43880-f9){#f9}

###### Specific activities and kinetic parameters of holo-EE, apo-EE and apo-EE reconstituted with FAD or FMN.

                                         Specific activity (U mg^−1^)   *k*~cat~ (s^−1^)   *K*~M~ (mM)   *k*~cat~/*K*~M~ (s^−1^ M^−1^)
  ------------------------------------- ------------------------------ ------------------ ------------- -------------------------------
  Holo-EE[\*](#t1-fn1){ref-type="fn"}            4.74 ± 0.27               9.8 ± 0.5       67.6 ± 8.2                 146
  Apo-EE                                         0.84 ± 0.01                   ND              ND                     ND
  Apo-EE + FAD                                   4.83 ± 0.07               7.2 ± 0.2       36.6 ± 3.2                 198
  Apo-EE + FMN                                   4.95 ± 0.10               7.9 ± 0.2       50.1 ± 3.4                 158

Activity measurements were done at 25 °C, pH 7.4 with the proline: DCPIP oxidoreductase assay.

^\*^As determined previously[@b47].

###### Data collection and refinement statistics for TtProDH ΔABC.

  ----------------------------------------- ------------------------
  Data collection statistics                
  Space group                                        P 6~2~
   Cell dimensions a, b, c (Å)                131.92 131.92 36.58
   Wavelength, Å                                     0.9794
   Resolution, Å                             65.96--2.2 (2.32--2.2)
   Total no. of reflections                      159591 (23667)
   No. of unique reflections                      18892 (2730)
   Redundancy                                      8.4 (8.7)
   Completeness, %                                 100 (100)
   Average I/σ                                      11 (2.2)
   R~merge~[a](#t2-fn1){ref-type="fn"}           0.138 (0.897)
   CC(1/2)                                       0.997 (0.714)
  Refinement statistics                     
   Resolution range, Å                              60--2.2
   Protein non-hydrogen atoms                         1977
   Ligand non-hydrogen atoms                           31
   Solvent non-hydrogen atoms                          65
   R~work~ (%)                                        18.2
   R~free~[b](#t2-fn2){ref-type="fn"} (%)             22.5
   rmsd bond length, Å                               0.019
   rmsd bond angles, °                               2.081
   Average B-factor, Å^2^                            37.67
  ----------------------------------------- ------------------------

Values in parentheses correspond to the highest resolution shell.

^a^R~merge~ = Σ(*I* − *I*~av~)*/*Σ*I*~av~, where the summation is over symmetry-equivalent reflections.

^b^R calculated for 5% of data excluded from the refinement.
